We describe nine patients who had total hip arthroplasty failure [titanium alloy monolithic stem, cobalt-chromium head (32 mm or 36 mm), highly cross-linked polyethylene liner, metal socket] related to metal wear debris generated at the trunnion. Symptoms included pain with onset 2.9 years after THA. Preoperative serum cobalt metal ion levels were elevated [mean 8.8 ng/ml (normal < 0.9 ng/ml)] and were higher than chromium levels [mean 1.2 ng/ml (normal < 0.3 ng/ml)]. All patients had debridement of the periarticular soft tissues, stem retention, revision to ceramic head and new liner; two patients had acetabular revision. At early follow-up, 7 of 8 available patients did well, with improved cobalt (0.6 ng/ ml) and little change in chromium levels. We recommend heightened awareness regarding this mode of failure.
Introduction
Corrosion at the head-neck taper may be emerging as an unusual and early mode of failure in conventional metal-on-polyethylene total hip arthroplasty (MoP THA; monolithic uncemented titanium alloy femoral component with narrower trunnion, modular cobalt alloy head, highly cross-linked polyethylene liner and uncemented acetabular component). The common use of different metals for the modular femoral head (cobalt-chromium alloy) and monolithic femoral stem (titanium alloy) in modern hip arthroplasty creates the potential for galvanic corrosion. Fretting and micromotion at the head neck junction can also result in the release of metal ions. Adaptation of narrower neck tapers to lower the risk of impingement may increase such micromotion. While failure of metal-on-metal THA due to metal wear debris has been well documented [1] [2] [3] and corrosion at the head-neck junction is known to contribute to the adverse local tissue reaction in these patients [4] , failure of conventional MoP THA due to trunnion corrosion is now being reported [5] . The purpose of our study was to report our experience with early failure of conventional MoP THA related to corrosion at the modular headneck junction.
Materials and Methods
This is a retrospective case series of patients treated at two tertiary care, academic medical centers. Inclusion criteria were arbitrarily set to include patients who had undergone conventional primary total hip arthroplasty between January 2006 and December 2010. There were 2,703 primary arthroplasties performed at our two centers during this time frame. Revision procedures on these patients were performed between December 8, 2011 and May 13, 2013. Data was collected from review of the electronic medical record and radiographic images. Approval was obtained from the local Institutional Review Board.
Patients who presented with either clinical symptoms or radiographic abnormalities (or both) were identified for this study. The demographics of the study population are detailed in Table 1 . Of the nine patients that comprised the cohort group, six had their primary arthroplasty at our institution. Eight of the nine patients presented for evaluation of pain (Figures 1 and 2 ). The final patient was asymp- tomatic patient and had presented for routine follow-up and had an abnormality identified on radiographs ( Figure 3 ). The variables studied included preoperative serum chromium and cobalt levels, preoperative hip-joint fluid analysis, and advanced imaging of the hip joint with computed tomography or magnetic resonance imaging with metal artifact reduction sequencing. As available, postoperative serum metal ion levels were documented as well as clinical status at most recent follow-up. Ten revision procedures were performed in 9 patients; one patient underwent bilateral revisions (Table 2 ). In one patient, the preoperative diagnosis was psoas impingement, and serum metal ion levels were drawn immediately following revision after noting intraoperative findings consistent with metal debris generated at the trunnion. In the remaining patients, failure related to trunnion corrosion was suspected prior to revision. The average time between conventional THA and revision surgery was 4.7 years (range 2.1-6.5 years).
The surgical hip approach during revision surgery was dictated by surgeon preference and included 8 posterior approaches and 2 anterior approaches. All femoral stems were determined to be well-fixed and retained. Black flaky material at the head-neck junction was identified in all patients and was easily removed with either a damp lap pad, fresh blade, or bovie scratch pad. A titanium-alloy adapter sleeve was used in seven of ten constructs prior to ceramic head impaction on the taper. In the three cases where an adapter sleeve was not used, we employed an off label application based on the decision of the treating surgeon that the integrity of the trunnion was satisfactory. One wellfixed acetabular shell was revised in the patient who had the preoperative diagnosis of psoas impingement, and another acetabular shell was revised due to lack of ingrowth. All acetabular liners were revised with highly cross-linked polyethylene liners. All cobalt-chrome femoral heads were revised to ceramic heads.
Results
Clinical Presentation: In our small cohort, eight patients presented with or reported symptoms of groin, buttock, or thigh pain at an average of 2.9 years after initial THA (range 0.1-4.5 years). One asymptomatic patient returned for routine surveillance 1.9 years following his index procedure and radiographs revealed abnormal bone resorption (Patient 5). The average time between symptom presentation and revision surgery was 2.4 years (range 0.2-6.4 years), and the time between index arthroplasty and revision surgery was 4.7 years (range 2.1-6.5 years). Of the index arthroplasties, 7 were composed of Stryker compo- Radiographic Findings: All patients had pre-revision radiographs. Two patients had bone resorption at the medial calcar, and one had an area of well-defined acetabular osteolysis. All patients had radiographs interpreted as having well fixed components. Seven of nine patients had metal artifact reduction sequencing magnetic resonance imaging (MARS MRI), which showed abnormal enhancement around the hip capsule and/or iliacus muscle; two patients also had large pseudotumors. The remaining two patients had computed tomography (CT) imaging of the hip, one detailing the osteolytic acetabular lesion and the other suggesting debris (Table 1) .
Laboratory testing: Laboratory test results are detailed in Table 1 . In all patients, the cultures from fluid aspirated from the hip joint were negative. Serum metal ion levels were evaluated on all patients and demonstrated elevated cobalt levels, with a mean of 8.8 ng/ml (range 1.2-16 ng/ ml; normal <0.9 ng/ml) and elevated chromium level of a mean of 1.2 ng/ml (range 0.2-3.1 ng/ml; normal < 0.3 ng/ ml).
Intraoperative Findings: At the time of revision, each modular head appeared fully engaged on the taper, based on intraoperative manual testing. Black debris at the headneck junction was identified in all patients. Our retrospective review of the operative reports did not detail if visible damage to acetabular liner was observed. Material analysis of the removed components was not performed. The structural integrity of each trunnion was inspected and found to be maintained. Synovial tissue hypertrophy and necrotic periarticular debris were seen in all patients, and a pseudotumor was identified in two patients. These abnormal tissues were debrided, as possible. Operative histology in seven cases showed fibrinous degeneration, chronic inflammation, and necrotic tissue, but no acute inflammation. Descriptions of intraoperative histology as dictated by pathology are shown in Table 2 . A variable degree of abductor muscle necrosis was also seen. We could not correlate the severity of tissue damage and preoperative metal ion level or time delay to revision procedure in this small series. Intraoperative cultures were negative in all patients.
Post-Operative Serum Metal Ion Levels
Cr (ng/ml) (nml < 0. Descriptions of intraoperative histology as dictated by pathology are shown in Table 2 .
Early clinical follow-up:
Early results following revision surgery have been favorable in seven of eight patients with clinical follow-up. One patient has been lost to follow-up. These seven patients report significant improvement in hip pain and function (Table 2 ). In seven patients with postoperative metal ion levels, serum cobalt ion levels decreased from a preoperative mean of 8.8 ng/ml to 0.6 ng/ml (range 0.2-1.3) at a mean time of 11 months after revision. There was little change in chromium levels from a preoperative mean of 1.2 ng/ml to a postoperative mean of 0.6 ng/ml (range 0.1-2.1 ng/ml). 
Discussion
Corrosion at the tapered head-neck junction of a monolithic titanium alloy femoral component and modular cobalt-chromium femoral head can result in elevated serum metal ion levels and adverse local tissue reaction, leading to failure of the MoP THA (Table 3) . Although an uncommon finding, trunnion corrosion can result in significant pain and debilitation for patients. Most recently, Cooper et al. reported on a cohort of 10 patients with failed MoP THA due to trunnion corrosion [5] . Although case reports have documented MoP trunnion corrosion and pseudotumor development throughout recent years [14, [21] [22] [25] [26] [27] , our report of nine patients is the second series, to our knowledge, of early failure in MoP THA due to corrosion at the head-neck junction.
In our series, nearly all patients had pain that prompted advanced imaging and subsequent metal ion level testing. All patients had abnormal MRI or CT findings and elevated metal ion levels. In eight of nine patients, serum cobalt levels were dramatically elevated compared to serum chromium levels; a finding that was also reported by Cooper et al [5] . While Cooper et al. [5] did not report changes on radiographs of bone resorption, we identified osteolytic lesions in two of our patients. While we cannot conclude that there is a consistent clinical presentation for patients with failure of MoP THA due to trunnion corrosion, our experience suggests that metallosis due to trunnion corrosion should be considered in patients with pain within the first few years after MoP THA.
Revision of patients in our series to a ceramic-on-polyethylene bearing THA resulted in clinical improvement in all patients except one who developed a postoperative infection. Postoperative cobalt metal ion levels returned to normal levels at an average of 11 months from revision. Cooper et al. also reported reduction in postoperative serum metal cobalt levels in 6 of their patients in whom testing was performed [5] . While patients will require longer follow-up to assure clinical success, our early experience suggests that revision to a ceramicon-polyethylene bearing surface will effectively treat the metallosis associated with trunnion corrosion in these patients.
The etiology of trunnion corrosion at the head-neck junction in the patients in our series remains unclear. Implant design features, size selection of the femoral head component, surgical technique, and even patient factors may play a role in the development of trunnion corrosion. Reports from the field of implant dentistry have shown that titanium implant failure via corrosion is more likely to occur under conditions of increased serum glucose as well as increased acidity, as seen in conditions of inflammation and infection [6] [7] [8] . While our cohort had two patients with diabetes mellitus, our numbers are too small to comment on the role of elevated blood glucose and inflammatory conditions on the development of trunnion corrosion. Future research reviewing a larger cohort of patients could potentially identify patient comorbidities, which may increase the risk of subsequent trunnion corrosion in THA. While we nor Cooper et al. [5] could correlate femoral head diameter with trunnion corrosion in our small series, femoral head size and trunnion design features may be factors influencing the risk of corrosion [9] [10] [11] [12] . Failure due to trunnion corrosion in MoP THA has been reported in two patients with large femoral heads (40 mm and 44 mm diameter) [13] . A significant elevation in serum cobalt levels in MoP THA has been reported when comparing a 36 mm femoral head to a 28 mm femoral head [14] . The Australian Registry 2011 annual report demonstrated increased revision rates at 10 years when head size in metalon-metal THAs was greater than 32 mm compared to those constructs in which the head size was equal to 32 mm or less [15] . This increase in failure was believed to be related to the larger head diameter increasing the load, torque, and micromotion at the trunnion interface. Trunnion design may be a factor as Jani et al. reported the lowest metal ion release, with a 12/14 trunnion taper with a proximal taper locking location as compared to a 10/12 taper with either distal or proximal locking location [16] . Furthermore, the amount of debris generated at the trunnion interface may be underappreciated; recent data shows that in metalon-metal THA, approximately one-third of the total volumetric wear is generated at the tapered head-stem junction, and it is unknown if such debris may be more biologically active than debris generated at the femoral head-acetabular liner interface [17] . With our small numbers we cannot comment on the length of the neck extension as a factor in failure in these patients. Based on correspondence with implant manufacturers, we did not identify any change in trunnion design or metal composition of the implants in the last decade.
Limitations of this study include a small cohort of patients, short duration of follow-up and lack of titanium metal ion levels in these patients. We do not know if the damage present on the trunnions of the retained femoral components will be problematic with longer follow-up. Titanium metal ion levels were not measured in our patients and could be factor in failure and a source of debris particularly as a recent ten-year study showed titanium levels peaked at 36 months in patients with similar constructs [20] . Furthermore we do not have a sense of the prevalence of corrosion causing failure in MoP THA in monolithic femoral components. A search of the FDA MAUDE database showed 18 reports of Accolade MoP THA stem failures and 15 M/L taper MoP THA stem failures due to metallosis, corrosion, pseudotumor, metallic debris, or elevated serum metal ion levels resulting in pain and/or loosening [18] . Interestingly, the Australian Registry 2012 annual report stated that metal sensitivity as a reason for revision increased from 1.2% to 5.9% over the past year, although the exact source of metal sensitivity was not specified [19] .
Early failure in conventional MoP THA can occur due to corrosion at the head-neck interface. As radiographs and physical examination findings may be unremarkable, the diagnosis may be elusive early in the clinical course. In patients with unexplained pain after conventional THA, we will now frequently proceed with advance imaging and serum metal ion level testing. We recommend a heightened awareness of this mode of failure.
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